Abstract: Ceramic matrix composites made of carbon fibres and carbon matrix (C/C) are generally used for aircraft structures and brake discs due to their low density, and good thermal, mechanical, and tribological properties. Silicon carbide (SiC) can be introduced to the matrix to improve the performance of C/C composites, because it increases the hardness and thermal stability, and decreases the chemical reactivity, which leads to the improvement of tribological properties of C/C composites. Thus carbon-carbon silicon carbide (C/C-SiC) composites can be used at high temperature for the application of brake discs, friction clutches, etc. C/C-SiC composites are fabricated by three different methods: (i) chemical vapour infiltration (CVI), (ii) polymer infiltration and pyrolysis (PIP), and (iii) liquid silicon infiltration (LSI), among which LSI method is widely used for the fabrication of C/C-SiC composites due to higher mechanical and thermal properties.
Introduction
Carbon fibre reinforced carbon (C/C) composites have unique properties like high melting point, high stiffness and toughness, better thermal shock properties, low coefficient of thermal expansion, etc., due to which C/C composites are used in aircraft brake applications, racing cars, and motorcycles [1] [2] [3] [4] [5] . C/C composites have high wear rate and poor oxidation resistance which limit its application [6, 7] .
The introduction of silicon carbide (SiC) to the matrix of C/C composites leads to the application at high temperature and the improvement in tribological properties due to the chemical stability and hardness of SiC and self-lubricating action of carbon. The mechanical properties of carbon-carbon silicon carbide (C/C-SiC) composites are not affected at high temperature [8, 9] . C/C-SiC composites have lower density (about 2.0 g/cm 3 ), longer service life, and higher thermal shock resistance as compared to traditional brake materials. When the weight percentage of silicon carbide is higher than 20% in the C/C-SiC composite, the composite shows lower sensibility to surroundings and temperature [10] .
Research is going on C/C-SiC composites. Several industries and institutions are working on C/C-SiC composites to investigate them as friction materials for brake discs and brake pads [11] [12] [13] [14] . In the early 1990s, Krenkel [15] investigated C/C-SiC composites for high performance automobile applications. Till now, C/C-SiC composites have been applied to Porsche, Ferrari, and Daimler Chrysler [16] . Various reports on the self-friction of C/C-SiC composites show that friction performance and stability of the composites could be improved with the reduction of porosity and increase in carbon content [17] [18] [19] .
C/C composites show extremely unsuitable tribological behaviour in adverse environments. Thus C/C composites are rarely used in wet and corrosive environments [20, 21] . However, C/C-SiC composites can be used as brake materials in the wet and high speed
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Processing of C/C-SiC composites
The properties of C/C-SiC composites depend on several factors such as type, amount, and microstructure of the matrix and fibres and their interface as well [23] . Thus the properties of C/C-SiC composites greatly depend on the manufacturing methods. The manufacturing methods of carbon fibre reinforced silicon carbide composites mainly differ in the way by which the SiC matrix is built up. Currently, three processes are used for the manufacturing of carbon fibre reinforced SiC matrix composites, i.e., chemical vapour infiltration (CVI), liquid polymer infiltration (LPI) also called polymer infiltration and pyrolysis (PIP), and melt infiltration (MI) or liquid silicon infiltration (LSI). CVI and LPI processes are expensive due to high material costs caused by fibre coatings. CVI and LPI are also time taking processes and their production cycle time can go from several weeks to months. Thus in the late 1980s, cost efficient and less time consuming process was developed, i.e., MI/LSI process, which opens new application fields for carbon fibre reinforced ceramic matrix composites [24] .
In MI/LSI process, porous carbon-carbon composites are impregnated by molten silicon, and carbon reacts with silicon to form silicon carbide. Firstly, a CFRP (carbon fibre reinforced plastic) preform is made by common techniques like resin transfer moulding (RTM), autoclave technique, or warm pressing. The use of as received carbon fibres (without any coating) leads to strong fibre-matrix bonding in CFRP composites. The extent of fibre-matrix bonding in CFRP composites is measured in terms of interlaminar shear strength (ILSS) which typically lies in the range of 40-50 MPa for bi-directionally reinforced CFRP composites which are used as preform for LSI process [25] . In the second step, the CFRP composites are pyrolyzed in inert gas atmosphere (N 2 ) at temperatures between 900 and 1650 ℃, which transforms the polymer matrix into a highly porous C/C preform. As the pyrolysis temperature is increased, shrinkage stress generates which locally exceeds the tensile strength of matrix and leads to cracking. It was observed by using thermo-optical analysis that in the case of bi-directionally reinforced CFRP composites, first fibre-matrix debonding occurs beyond 505 ℃ [26] . This debonding results in the segmentation of the fibre tows and leads to a translaminar microcrack pattern with dense C/C segments [25] . In the last step, the fibre preform having porosity is infiltrated by molten silicon at temperature beyond the melting point of silicon, i.e., 1415 ℃, mostly applying only capillary forces. Typically the operating temperature is in the range of 1600 ℃.
Critical parameters which are to be considered in the processing of C/C-SiC composites by LSI technique are low melt viscosity, good wetting of fibre reinforcement, high chemical reactivity, and anomaly of silicon during the phase transition (density change of silicon is approximately 8%).
After infiltration, the molten silicon fills the cracks within some minutes. The dense carbon matrix shields the fibre bundles from highly reactive silicon, and a layer of silicon carbide is formed around the segments. Thus only a small amount of carbon fibres are converted and damaged. If carbon fibres are thermally treated before implementation in the polymer matrix, the active surface groups are de-activated which leads to reduced fibre-matrix bonding. Thus pyrolysis results in carbon fibre tows without any segmentation, and liquid silicon can react with and damage most of the carbon fibres. Thus load bearing capacity of the composites is reduced and fracture behaviour of the composites is similar to monolithic ceramics [27, 28] .
Many manufacturers have developed different C/C-SiC composites which are characterised by low porosity (lower than 6%), high fibre volume content (higher than 30%), and moderate mechanical properties. Table 1 gives an overview of the properties of C/C-SiC brake materials with a 2D fibre reinforcement. 
Tribological behaviour of C/C-SiC composites
Friction brakes decelerate a vehicle by transforming the kinetic energy of the vehicle into heat and dissipate that heat into surroundings. The brakes which are used in automotive braking system are generally made of steel or grey cast iron and coupled with polymer composite pads [29] . These materials are used in braking system with moderate loads and limited capability to withstand temperature. These materials have relatively high and stable coefficient of friction and low wear rate, and are quiet during operation while used in light vehicles [30] . However, heavy vehicles require more power for braking than conventional braking system. To accommodate that, C/C composites [31, 32] came into picture which can provide more friction and operate at high temperature. These types of high speed brakes require 4500 J/cm 2 of kinetic energy per unit area of sliding surfaces to be converted into heat in approximately 30 seconds. The thermal cycling leads to cracking of uncoated C/C composites, which leads to accelerated wear and oxidation [33] .
The main requirements of high performance brake materials are:
 stable coefficient of friction (dynamic and static);  low wear rate for increased life;  low life cycle cost;  low weight;  high degree of freedom in the structural design (for internal cooling ducts, attachments). Therefore, in recent years, C/C-SiC composites were developed as high performance brake materials following metallic materials and C/C composites [34] .
The presence of SiC in the composite matrix results in increase in coefficient of friction, but wear rate also increases due to abrasive action of silicon carbide [9] . SiC generally damages by fatigue [35] . Carbon fibres get loose by repeated flexion due to debonding of SiC grains. It was observed that the effect of SiC is less when it is deposited by CVI [36] . The presence of free Si in the composite matrix has a great influence on the third body morphology. Adhesive friction also comes into play due to the presence of free silicon, and there is an increase in coefficient of friction and a decrease in wear. The adhesive component of friction increases due to presence of free silicon. Silicon is less hard than silicon carbide, due to which free silicon is subjected to plastic deformation which increases adhesion [9] . Figure 1 shows emergency braking system and internally ventilated brake disc for passenger cars made of C/C-SiC composites. There should be a flow of heat from outer region to the centre of the composites to prevent the overheating of the friction surface (outer region). Thus C/C-SiC composites should have high transverse thermal conductivity. To meet the essential requirement, C/C-SiC composites should be modified in their composition and microstructure. Increase in silicon carbide content of the composites leads to increase in the transverse thermal conductivity of the C/C-SiC composites [8] . However, low carbon content and increase in silicon carbide content lead to decrease in damage tolerance of the composites and also influence the mechanical properties of the composites. High SiC content is mainly required in the outer region of the disc. Two approaches have been suggested to fulfil the requirement of high silicon carbide content in the outer region [25] as follows:  homogeneous C/C-SiC composites with Si-SiC coating on the outer region. These two approaches successfully meet the requirement, but due to higher coefficient of thermal expansion of ceramic rich surface than that of C/C-SiC substrate, tensile stress develops in the surface during cooling after processing leading to micro cracking of the surface. Braking heats up the surface. Thus cracks get narrower as outer region expands more than substrate. Normally the cracks formed run throughout the thickness but stop in the ductile core region. Thus the breakage of fibres does not occur.
In disc brakes, the material of pad also influences the tribological properties of C/C-SiC composites. The composition of pad material influences the coefficient of friction. Even slight change in the composition of pad material can change the coefficient of friction. Results of most of the tests and pad material's composition are confidential and not published. Some results are shown in Figs. 2 and 3. There are so many factors which affect the tribological performance of C/C-SiC composites. Some of them are described here.
1 Effect of pyrolytic carbon content on tribological properties of C/C-SiC composites
The amount of pyrolytic carbon in matrix has great effect on its final performance because C/C-SiC composites are manufactured from porous C/C preform. The variation of tribological properties with the weight percentage of pyrolytic carbon is shown in Fig. 4 . In Fig. 4 , it is shown that coefficient of friction increases as weight percentage of pyrolytic carbon increases up to some extent, and then coefficient of friction decreases. Braking time decreases very rapidly with increase in pyrolytic carbon content, but after some extent it becomes almost constant. During braking, superficial hardness can increase the coefficient of friction by enhancing the ploughing effect [19] . Superficial hardness decreases with increase in pyrolytic carbon content which results in increase in coefficient of friction, because friction surface gets softer and hard SiC asperities may pierce with ease [38] .
2 Effect of porosity and SiC content on tribological properties of C/C-SiC composites
C/C-SiC composites can be fabricated by various methods, i.e., CVI, PIP, LSI, and so on [39, 40] . Each fabrication method has its advantages and drawbacks. The densification is very slow in the cases of CVI and PIP. Materials fabricated by CVI and PIP contain some residual porosity. However, materials fabricated by LSI process display poor mechanical properties [40] and contain some free silicon which affects the tribological properties [17] . Porosity and SiC content decrease with increase in the initial preform density. Figure 5 shows the curves of coefficient of friction for samples from different methods. As braking starts, there is a sudden pressure on the surface of brakes, and the first part of the curves in Fig. 5 is fluctuating. However, due to embedment of grains, there generate new abrasive particles which lead to rapid increase of friction [1] . The coefficient of friction may reduce due to pulverization of some abrasive particles which act as friction film. There is a competition between abrasive action and lubrication action which tends to change the curves (Fig. 5) smoothly. Temperature rise in the material leads to the decomposition of the material, which leads to increase in the coefficient of friction [1, 18] .
High rigidity, abrasion resistance, corrosion resistance, and high thermal conductivity of SiC have a great influence on the tribological properties of C/C-SiC composites. Due to abrasive nature of SiC particles, it enhances the coefficient of friction. However, when the content of SiC is very high, it acts as lubricant and may reduce the coefficient of friction [41, 42] . High porosity may stunt the formation of SiC framework and spur the formation of abrasive film which results in the deterioration of tribological properties [1, 41] (results can be analysed from Figs. 6 and 7 through comparison). Figure 6 shows the porosity as the weight percentage of silicon carbide varies. C/C-SiC composites have high porosity due to which it possess high wear rate. This is attributed to the fact that due to higher porosity, SiC particle framework does not easily form and the hard SiC particles plough and micro-cut the friction surface resulting in grain abrasion [17] .
3 Effect of braking pressure and braking speed on tribological properties
In brake disc, kinetic energy is converted into heat at the time of braking. Braking energy increases as the speed of braking increases. Figure 8 shows the effect of braking pressure and braking speed on the average coefficient of friction of C/SiC brake materials. The carbon fibre, pyrolytic carbon, and SiC are brittle in nature. At low braking speed, the impact and shear force between the asperities are small and the asperities cannot be completely sheared [43] . However, when braking speed increases, braking energy increases and so many asperities create brittle fracture. So due to brittle fracture, there is a formation of many new asperities and little debris, which results in increase in the coefficient of friction. When the braking speed is high enough to cut the asperities, many asperities are sheared and pulverized by impact and shear action between asperities, and a lot of debris forms. The debris formed fills the gap between peaks and valleys which decreases the ploughing effect. Due to increase in braking speed, more and more debris forms, which forms a continuous film on the surface resulting in decrease of coefficient of friction and friction resistance. Figure 9 shows the schematic illustration of the debris filled and the friction film on the surface [44] .
When braking speed increases, wear rate increases due to increase in impact and shear force between asperities and ploughing action between asperities. Temperature also increases with increase in braking speed which leads to the oxidation of carbon matrix and carbon fibres near the surface. Thus wear rate increases with increase in pressure. Figure 10 shows the effect of braking pressure and braking speed on the wear rate of C/SiC brake materials. It can be seen that at high braking speed, wear rate increases rapidly. At low braking speed, the effect of increase in pressure on wear rate is not significant. At high braking speed, increase in pressure leads to increase in wear rate. 
4 Tribological performance under dry and wet conditions
The tribological behaviour of C/C-SiC composites under dry and wet conditions is different. Most of the studies on tribological behaviour of C/C-SiC composites focus on dry condition [40, 41, 45] . The studies on wet condition are less. But tribological behaviour under wet condition is a key indicator under braking conditions [8, 40, 46] . The characteristics of C/C-SiC braking composites change with environmental conditions, which is one of the great advantage as compared to other braking composites [47] . The coefficient of friction does not change much with the condition (either dry or wet), but change in wear rate with condition is significant. The variation of coefficient of friction under dry and wet conditions is shown in Fig. 11 .
Plastic deformation and abrasion caused by ploughing are the main mechanisms of wear of C/C-SiC composites under dry condition. This results in high coefficient of friction and wear rate as compared to wet condition. Table 2 shows the tribological performance of C/C-SiC under dry and wet conditions. However, there are sticking sliding and plastic deformation under wet condition. That is why the coefficient of friction and wear loss are less in wet condition as compared to dry condition.
C/C-SiC composites sliding under dry condition contain hard phase SiC, resin carbon, and second hard phase Si (silicon) particles. Hard phase Si particles cannot be cut by the shearing and compressive force and can easily be broken due to their lower plasticity. The coefficient of friction increases due to these hard particles at the early stage.
Under wet condition, there is a presence of moisture. Due to frictional heat, the moisture at the surface evaporates and reacts with SiC matrix and forms SiO 2 ·xH 2 O or H 2 SiO 3 [48, 49] . This results in formation of friction films. These friction films combine with the subsurface of C/C-SiC composites, which leads to low shearing strength and high brittleness of the composites. They tend to break partially due to the existence of shearing and compressive force [50] . The worn debris unites and tries to fill the pits in the worn surface. The reunited debris spreads continually unless the formation of friction films takes place again. This results in decrease in coefficient of friction and wear rate. The main wear mechanisms under wet condition are oxidation and adhesion.
5 Effect of graphitization of C/C preform on tribological properties of C/C-SiC composites
The processing of porous C/C preform is a very important step because the processing parameters affect the microstructure and properties of the preform. Tribological properties depend upon the microstructure and properties of the preform [8, 51] . The effect of graphitization on microstructure and mechanical properties of C/C-SiC composites is investigated by many researchers, but its effect on tribological properties of C/C-SiC composites has not been investigated much [52] [53] [54] [55] [56] . Figure 12 shows the curves of coefficient of friction of samples ((a) without graphitization and (b) with graphitization) as a function of braking time. It is clear from Fig. 12 that at the start of braking, coefficient of friction is high for composites without graphitization than composites with graphitization. This leads to locking of braking system. Thus it is harmful for braking. This locking phenomenon can be greatly modified by graphitization of C/C preform. The nature behind this phenomenon is explained earlier in Section 3.2.
Hardness of the material plays an important role in tribology [57, 58] . Graphitization increases the content of hard SiC in C/C-SiC composites. Due to graphitization, some graphite crystallite forms [51] , which results in softening of turbostratic structure carbon. During braking, hard SiC inserts into soft turbostratic structure carbon easily and deeply [53] . This results in increase in coefficient of friction. However, graphite has a good solid lubricant property because it has weakly bonded layer structure [53, 56] . This lubricating property helps to avoid the initial high peak in coefficient of friction and moderate the fluctuation in coefficient of friction in the latter stage. In spite of this lubricating effect, the coefficient of friction 9 of graphitized C/C-SiC composites is higher in the latter stage. This cannot be explained only by lubricating property. In the latter stage, the effect of material hardness is more than lubricating action. Figure 13 shows the coefficient of friction as a function of number of braking tests.
The wear rate of graphitized C/C-SiC composites is higher than that of non-graphitized C/C-SiC composites. This is due to shearing of large amount of soft graphite particles by ploughing effect under high braking load. Though wear rate of graphitized C/C-SiC composites is higher, it is under acceptable limits.
6 Effect of C/C composites and C/C-SiC composites as counterface material
C/C composites possess high strength, high thermal conductivity, high heat capacity, low coefficient of thermal expansion, good wear property, low density, and self-lubricating capability [59, 60] . However, C/C composite brakes have poor oxidation resistance and unstable coefficient of friction [61] [62] [63] [64] . The static coefficient of friction of C/C composites is very low. To overcome these problems, C/C-SiC composites are developed. C/C-SiC composites have stable tribological properties, low wear rate, and long life [8, 65] . C/C-SiC composites have good resistance to oxidation and high static coefficient of friction, and the sensibility to environment is low. This makes C/C-SiC composites a potential material for aircraft braking system [11, 25, 28, 66, 67] . However, the density of C/C-SiC composites is higher than C/C composites which makes C/C-SiC composites heavier than C/C composites and limits their applications in some weight sensitive aircrafts. Some matrix modification can be done to overcome the disadvantages of C/C and C/C-SiC composites [62, [68] [69] [70] [71] , but this requires a lot of time and plenty of experiments. Thus to meet the requirements of high performance and light weight for weight sensitive aircrafts, C/C-SiC and C/C brake pair can be used instead of using the same material on both discs [72] . Figure 14 shows the tribological and wear properties of different brake pair systems in dry condition. Figure 14 indicates the comparative behaviours of C/C and C/C-SiC brake pair, C/C disc as the stator disc, and C/C-SiC disc as the rotor disc. The kinetic coefficient of friction of C/C-SiC and C/C brake pair is little lower than that of C/C self mated pair, but the static coefficient of friction is higher. Thus taxiing distance of aircrafts before take-off can be reduced [73] . At the end of braking, the coefficient of friction of C/C and C/C-SiC brake pair is higher than that of C/C self mated pair, due to which braking distance reduces. As more wear occurs in C/C brake disc than in C/C-SiC brake disc, C/C disc is made thicker and C/C-SiC disc is made thinner, which also reduces the weight of aircraft brake assembly. Due to high heat capacity of C/C composites [60] , the C/C and C/C-SiC brake pair does not suffer much from high surface temperature.
The nature of braking curve of C/C-SiC self mated braking pair can be explained by shearing, deformation, breaking of asperities, ploughing effect, etc., as explained earlier in this paper. However, in the cases of C/C self mated and C/C-SiC brake pairs, C/C composites easily form flaky debris, and flaky debris easily forms friction films. Due to the formation of friction films, coefficient of friction reduces and gets stabilized. In the case of C/C and C/C-SiC brake pair, ploughing effect increases the coefficient of friction and wear rate of C/C disc.
Summary
Due to their low density, high thermal shock resistance, and good abrasive resistance, C/C-SiC composites can be used for clutch and braking systems. C/C-SiC composites show better tribological properties than grey cast iron and C/C composites. The tribological properties of C/C-SiC composites depend on many parameters. However, the nature of braking curve remains almost the same but the value varies. In brake discs, the pad material and composition greatly influence the tribological properties of C/C-SiC composite brakes. And in clutches, the material of mating disc greatly influences the tribological properties of C/C-SiC discs. Wear resistance can be highly improved by gradual increase of SiC from the centre to outer region or by using Si-SiC coatings on the outer surface. Researchers have tried to tailor the microstructure and properties of C/C-SiC composites. Many of them have succeeded to a greater extent. But there is always a chance for improvement. Now the main focus is on quality assurance and reduction in material cost of C/C-SiC composites.
